We propose a two qubit experiment for validating tunable antiferromagnetic XX interactions in quantum annealing. Such interactions allow the time-dependent Hamiltonian to be non-stoquastic, and the instantaneous ground state can have negative amplitudes in the computational basis. Our construction relies on how the degeneracy of the Ising Hamiltonian's ground states is broken away from the end point of the anneal: above a certain value of the antiferromagnetic XX interaction strength, the perturbative ground state at the end of the anneal changes from a symmetric to an antisymmetric state. This change is associated with a suppression of one of the Ising ground states, which can then be detected using solely computational basis measurements. We show that a semiclassical approximation of the annealing protocol fails to reproduce this feature, making it a candidate 'quantum signature' of the evolution.
I. INTRODUCTION
There remain no demonstrated examples of a quantum speedup using quantum annealing [1] [2] [3] [4] [5] outside of the oracular setting [6, 7] . Evidence that is often cited for this predicament is that standard quantum annealing implements a stoquastic Hamiltonian [8] [9] [10] [11] [12] [13] throughout the anneal, which makes it amenable to classical simulation using Quantum Monte Carlo techniques. The introduction of novel interactions at intermediate points in the anneal that make the Hamiltonian non-stoquastic would prevent this, and it remains an open question to what extent this will improve the current situation [14] [15] [16] [17] [18] [19] Nevertheless, experimental realizations of such interactions are ongoing [20, 21] , and here we propose a method to validate the implementation of tunable antiferromagnetic XX interactions within the constraints of the quantum annealing protocol, i.e. the evolution terminates on a Hamiltonian H P that is diagonal in the computational basis, and only measurements in the computational basis at the end of the anneal are allowed.
In order to accomplish this objective, our construction relies on a change in the ground state of the timedependent Hamiltonian near the end of the anneal. As the strength of the antiferromagnetic XX interaction is increased, the ground state changes from a symmetric combination of the three ground states of H P to an antisymmetric combination of two of the three ground states of H P . The suppression of population in one of the ground states is then a measurable signature of this transition. The proposal thus tests both the tunability of the interactions and the ability of the quantum annealer to implement a ground state with non-trivial relative phases between the computational basis states. We demonstrate that at least one semiclassical model of quantum annealing, whereby qubits are replaced by spin vectors, fails to reproduce this signature.
Our paper is structured as follows. In Sec. II, we show how perturbation theory predicts the breaking of the degeneracy of the final three ground states to give a unique ground state near the end of the anneal. In Sec. III, we present the results of dynamical simulations to test the robustness of the proposal to several noise models. In Sec. IV, we provide a comparison to a semiclassical model of quantum annealing, and we conclude in Sec. V.
II. PERTURBATION THEORY
We begin by considering the following time-dependent 2-qubit Hamiltonian:
where σ γ i is the Pauli-Γ operator acting on qubit i, |α| is the strength of the XX interaction with α < 0 or > 0 corresponding to a ferromagnetic or antiferromagnetic interaction, and ω sets the overall energy scale. Here H P is given by the last term in parenthesis. The Hamiltonian is invariant under the interchange of the two qubits, so all energy eigenstates will be invariant up to an overall phase under the nterchange of the two qubits. The ground state of the Ising Hamiltonian at s = 1 exhibits a three-fold degeneracy: |00 , |01 , |10 , where |0 is the eigenstate of σ z with positive eigenvalue.
If we denote the perturbation parameter by Γ = 1 − s, expanding H(s) around s = 1 gives to first order H(s) = H(1) + ωΓV 1 , where
eigenvalues of the resulting operator are given by:
The states |λ and |λ are symmetric under the interchange of the qubits, whereas |λ is antisymmetric under the interchange of the qubits and does not have any population on the |00 state. A classical thermal state at s = 1 will by definition have equal populations on all three ground states, approaching the value 1/3 in the limit of zero temperature.
The state with smallest eigenvalue {λ, λ } is the ground state for Γ = 0 + , so for α < 1 the ground state is |λ and for α > 1, the ground state is |λ . As α is swept through this point, the ground state changes from a symmetric to an antisymmetric state. Quantitatively, we can consider the expectation value of the SWAP operator, SWAP = Because the ground state at s = 0 is symmetric, for α > 1 there is a true level-crossing in the spectrum associated with this change in ground state. This level crossing is predicted already by considering the perturbative corrections to the energies associated with the states |λ and |λ at second-order in perturbation theory. The non-zero contributions are given by:
where
2 is a second-order perturbation that also contributes. For α > 0, E (2) curves upwards and E (2) curves downwards, but only for α > 1 does E (2) reach a lower value than E (2) for s < 1, which leads to the two energies crossing at some intermediate s value.
III. DYNAMICS
Because the energy level crossing discussed above is associated with a symmetry of the Hamiltonian, an adiabatic evolution will not follow the global ground state through the crossing. Therefore, we propose to break the qubit permutation symmetry by offsetting one of the transverse fields:
with β > 0. The true level-crossing associated with α > 1 now becomes an avoided level crossing, and an adiabatic evolution is able to follow the global ground state throughout the anneal. The change in the character of the ground state remains apparent for a range of β values as α is tuned, as we show in Fig. 1 . The transition at α = 1 becomes sharper as β → 0. We now consider the robustness of our proposal to several noise models. We first consider the effect of interactions with a thermal environment as described by a weak-coupling limit master equation [22] . We give details of this master equation in Appendix A. We show in Fig. 2(a) the behavior as a function of the dimensionless system-bath coupling κ 2 . We see that for α = 2, the closed system evolution (κ 2 = 0) is close to adiabatic for ωt f 5×10
3 . As soon as we have a non-zero system bath interaction, the population of the |00 state approaches the classical Ising Gibbs state population of 1/3 in the long time limit, as expected by the open-system adiabatic theorem [23] . If κ 2 is sufficiently small, we observe the expected competition between closed and open system adiabaticity: closed-system adiabaticity sends the population in the |00 state to zero, whereas open-system adiabaticity sends the population to 1/3. For sufficiently small κ 2 the closed system adiabatic time scale is smaller than the open system time scale, and we can continue to observe our desired signature of population suppression of the |00 state before open-system effects begin to dominate.
We also consider the effect of implementation errors in the parameters of H P to our population suppression signature. We model these as independent Gaussian random variables with zero mean and standard deviation σ. In Fig. 2(b) , we show the populations in the computational basis states as a function of σ, where we again observe that there is a noise threshold before the distribution looks classical. We emphasize that the evolution for low σ is non-adiabatic, even though we picked a timescale that is close to adiabatic for the original Hamiltonian. This is critical since a random noise instantiation picks one of the three ground states to be the new ground state with equal probability, so in the adiabatic limit of the noisy Hamiltonian, we recover the classical result upon averaging over noise realizations. Therefore, we find that we can continue to observe our desired signature of population suppression if there is a separation between the noise-less and noisy adiabatic time scales.
IV. SEMICLASSICAL ANALOGUE
We consider a semiclassical limit of qubits corresponding to the saddle-point approximation of the 3 independent noise realization, and the error bars correspond to the 95% confidence interval calculated using a bootstrap.
path integral for the qubit system [24] , where the qubits are replaced by classical spin vectors M i = (sin θ i cos φ i , sin θ i sin φ i , cos θ i ) corresponding to the average magnetization of a spin-coherent state [25] . The dynamics of the spin vectors are given by:
(For a detailed derivation, see Ref. [26, 27] .) We show in Fig. 3(a) the resulting magnetization at s = 1 for increasing ωt f , where we see the system approaches the values θ = (0, π/2) at very long times. This means that there will always be a finite non-negligible population on the |00 state, in contrast to our unitary dynamics. In order to understand the long time behavior, it is useful to consider the potential energy landscape on which the dynamics occurs:
which amounts to replacing the Pauli operators in Eq. (5) by σ
For β = 0 and φ i = 0, the two dimensional potential energy landscape as a function of θ exhibits the features we associate with second-order phase transitions as we increase s. Specifically, a single global minimum bifurcates into two equal in energy minima, which move towards the positions θ = (π/2, 0) and (0, π/2) respectively as s goes to 1, irrespective of the value of α. For finite β, one of the two minima is always energetically favored (shown in Fig. 3(b) ), and for a sufficiently slow evolution, the system follows this minimum. We can also consider an evolution of the spin vectors described by Monte Carlo updates, whereby a random M i is drawn, and the update is accepted according to the Metropolis-Hastings criteria [28, 29] using the timedependent potential in Eq. (8) . Further details are given in Appendix B. This evolution can be thought of as including the effect of a finite temperature environment in the strong coupling limit [30] , although here we do not restrict the evolution to a plane. We show in Fig. 4 the dependence on temperature, where we see a strong bias for the |00 state at low temperatures. To understand the reason for this bias, we expand the potential at s = 1 about M 6 sweeps for each of the 10 4 independent runs performed. The error bars correspond to 2σ confidence intervals generated by 10 3 bootstraps over the independent runs.
V. DISCUSSION
We have proposed a quantum annealing protocol using a two qubit Hamiltonian to validate a tunable antiferromagnetic XX interaction. The Ising Hamiltonian at the end of the anneal has three ground states, and our experimental signature is the suppression of one of these ground states, the |00 state, for a sufficiently strong antiferromagnetic XX interaction. Our construction relies on the instantaneous ground state changing character from a symmetric state to an antisymmetric state under the interchange of the two qubits, and the |00 ground state cannot be part of an antisymmetric combination.
While our analysis was done in dimensionless units, it is useful to give a sense of the parameters values for a reasonable choice of energy scale for the Hamiltonian. If we take ω = 1GHz and α = 2, then the closed system evolution shown in Fig. 2(a) becomes effectively adiabatic for t f ∼ 10µs with the minimum ground state energy gap of approximately 0.03GHz at around s = 0.49 (see Fig. 1(a) ). For the coupling to a thermal environment at 12mK shown in Fig. 2(a) , our results suggest that our proposal requires a high level of coherence if we want to see a complete suppression of the |00 state. However we see from our simulation results of the spin-vector dynamics in Figs. 3 and 4 that the classical analogue fails to exhibit this suppression at the same time scales, so we may not need an absolute suppression signature to clearly distinguish between the quantum dynamics and at least this semiclassical model.
It is interesting to note that the strong change in the character of the ground state as a function of α in Fig. 1 is also associated with a large change in the entanglement of the ground state. We characterize this using the negativity [32] , which vanishes for unentangled states and is given by N (ρ) = 1 2 ||ρ Γ || 1 − 1 , where ρ is the density matrix of the system and ρ Γ denotes the partial transpose of ρ with respect to one of the qubits and || · || 1 denotes the trace norm. We show in Fig. 5 how the negativity behaves both as a function of annealing time and systembath coupling, where we observe that close to the ideal case the negativity drops before reaching its maximum value of as we cross α = 1.
We conclude by emphasizing again that the antisymmetric ground state at large α is impossible with only ferromagnetic XX interactions, since it requires negative amplitudes in the ground state that can only be generated by non-stoquastic Hamiltonians. While the role of such ground states in improving the performance of quantum annealing remains an open research question, the known examples where such an improvement is possible [14, 15, 18] definitely generate ground states with both positive and negative amplitudes [18] . We hope our proposal will be relevant for testing next generation quantum annealers with such interactions [21] .
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